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The cell wall is a defining structural feature of the
bacterial subkingdom. However, most bacteria
are capable of mutating into a cell-wall-deficient
‘‘L-form’’ state, requiring remarkable physiological
and structural adaptations. L-forms proliferate by
an unusual membrane deformation and scission
process that is independent of the conserved and
normally essential FtsZ based division machinery,
and which may provide a model for the replication
of primitive cells. Candidate gene screening revealed
no requirement for the cytoskeletal systems that
might actively drive membrane deformation or
scission. Instead, we uncovered a crucial role for
branched-chain fatty acid (BCFA) synthesis. BCFA-
deficient mutants grow and undergo pulsating shape
changes, but membrane scission fails, abolishing the
separation of progeny cells. The failure in scission is
associated with a reduction in membrane fluidity.
The results identify a step in L-form proliferation and
demonstrate that purely biophysical processes may
have been sufficient for proliferation of primitive cells.INTRODUCTION
The cell wall is a major protective structure enveloping the
surface of virtually all bacterial cells. The wall must therefore
have evolved early, in parallel with the emergence of the whole
bacterial subkingdom. Although thewall plays amyriad of impor-
tant physiological and structural roles, many bacteria are
capable of switching into a cell-wall-deficient state, called the
L-form after the Lister Institute where they were first described
(Klieneberger, 1935). Most classically described L-forms were
identified as antibiotic resistant or persistent organisms isolated
in association with a wide range of infectious diseases (Allan
et al., 2009; Domingue and Woody, 1997). Some bacteria have
gone further and undergone severe evolutionary adaptation to
life without a wall, such as the mycoplasma, which are parasites
or pathogens of a broad range of organisms, including humans
(Trachtenberg, 2005).
Relatively little is known about the molecular cell biology and
genetics of L-form bacteria. We recently developed a tractablesystem for studying L-forms of the Gram-positive model bacte-
rium Bacillus subtilis (Leaver et al., 2009). Our results highlighted
the unusual mode of cell division and proliferation of L-forms,
involving membrane extrusion or blebbing (Kandler and Kandler,
1954; Leaver et al., 2009). Remarkably, this proliferation was
completely independent (Leaver et al., 2009) of the normally
ubiquitous and essential FtsZ-dependent bacterial cell division
machinery (Margolin, 2005). This unexpected mechanism of
cell division may represent a primitive mode of proliferation re-
tained from primitive cells before the invention of the wall, and
therefore early in the evolution of cellular life on earth.
Here, we used a newly developed inducible Bacillus subtilis
L-form model system (Domı´nguez-Cuevas et al., 2012) to inves-
tigate the mechanisms driving cell division and proliferation.
Using a candidate gene approach, we found that proliferation
does not require any of the currently known cytoskeletal systems
that might be expected to actively drive membrane deformation
or scission. We therefore developed a transposon-based
mutagenesis system and screened in an unbiased manner for
mutants able to grow in the walled state but not as L-forms.
The best of the mutants obtained were affected in the synthetic
pathway for branched-chain fatty acids (BCFAs). BCFA-
deficient mutants specifically failed to undergo membrane
scission and separation of progeny. The defect was likely due
to a reduction in membrane fluidity.
There has been much recent interest in the idea that primitive
cells, consisting of relatively simple membrane-bound compart-
ments, could undergo spontaneous proliferation, without the
intervention of protein-based mechanisms. Several in vitro
approaches have demonstrated proliferation in relatively simple
lipid vesicle systems (Hanczyc et al., 2003; Peterlin et al., 2009).
L-forms provide a simple biological model that might be repre-
sentative of primitive cell proliferating systems. Our finding that
L-form proliferation is independent of known cytoskeletal
proteins but requires a particular state of membrane fluidity
provides biological support for the ‘‘membrane-only’’ model
and highlights the likely importance of the dynamic biophysical
properties of membranes in cell proliferation.RESULTS AND DISCUSSION
Candidate Gene Approach to Identifying
L-Form-Proliferation-Associated Genes
To explore the mechanism of L-form cell division, we initially
applied a candidate gene approach to the identification of genesCell Reports 1, 417–423, May 31, 2012 ª2012 The Authors 417
Table 1. Cellular Processes Not Essential for Formation and
Proliferation in L-Form State
Cellular Process Genes Deleted
Cell shape mreB + mreBH + mbl
mreC
mreD
Membrane dynamics dynA
divIVA
minD
spoIIIE
Chromosome dynamics soj
spo0J
Lipid synthesis and modifications
(lipid type)
clsA/clsB (CL)
pssA (PE)
pssA/clsA (PE/CL)
mprF (LPG)
ltaS (LTA)
des (UFA)
Membrane stress response sigX
sigW
CL, cardiolipin; PE, phosphatidylethanolamine; LTA, lipoteichoic acids;
UFA, unsaturated fatty acids; LPG, lysyl-phosphatidylglycerol.required for L-form proliferation. The genes listed in Table 1 are
implicated in a number of cellular functions that could plausibly
be required for proliferation, including: cytoskeletal proteins,
ftsZ (tubulin homolog) (Leaver et al., 2009), mreB/mreBH/mbl
(actin homologs) and minD; curved-membrane binding protein
divIVA; membrane fission proteins, dynA, spoIIIE; and chromo-
some replication / segregation proteins, soj and spo0J (Table 1).
The L-form B. subtilis derived mutants were generated by the
two step method developed by Leaver et al. (2009) or by use
of a recently derived B. subtilis strain (PDC134) that can be
readily propagated in the rod shaped, walled state, and then
induced to switch, rapidly and almost quantitatively, to the
L-form state (Domı´nguez-Cuevas et al., 2012). Null mutations
in each of the above genes were tested, including triple mutation
of the three MreB homologs (Kawai et al., 2009), but none of
the mutations tested had a detectable effect on proliferation in
the L-form state.
Unbiased Genetic Screen for L-Form-Proliferation-
Associated Genes
As an alternative approach to finding genes required specifically
for L-form proliferation we developed an unbiased screen for
rod-only (ron) mutants. The pMarB transposon delivery system
was introduced into strain PDC134 growing in the walled state
(presence of xylose, which induces expression of various genes
required for cell wall precursor synthesis; (Leaver et al., 2009).
Transposition was induced and mutants bearing random
transposon insertions were selected, still in the walled state.
About 8,000 individual colonies were picked and transferred to
plates selecting either for continued growth in the walled state
(+ xylose) or as L-forms (no xylose but containing sucrose as
an osmoprotectant). Two transposons mutants, that gave418 Cell Reports 1, 417–423, May 31, 2012 ª2012 The Authorsa particularly clear phenotype, in that growth was normal on
NA + xylose but virtually absent on the L-form selective plate
(Figure S1A), had insertions in a gene called lpdV. The frequency
of L-form colony formation was reduced by a factor >35,000 in
the mutant (1 3 105) compared to the wild-type (4.1 3 101).
lpdV encodes lipoamide dehydrogenase and resides in an
operon of seven genes involved in the catabolism of branched-
chain amino acids to form the precursors that are used to
initiate BCFA synthesis (Debarbouille et al., 1999; Figure S1B).
BCFAs are the major components of membrane fatty acids in
B. subtilis (Kaneda, 1991). Three different BCFA precursors, iso-
butyryl CoA (IB), isovaleryl CoA (IV), and 2-methylbutyryl CoA
(MB), are synthesized using branched-chain amino acids (valine,
leucine, and isoleucine, respectively) by the branched-chain
amino acid transaminase (BCAT) and branched-chain keto
acid dehydrogenase (BCKAD) protein complexes (Figure 1A; Ka-
neda, 1991). These precursors are then recognized by the type II
fatty acid synthesis [FASII] elongation complex and used to
synthesize various BCFAs; Figure 1A; Kaneda, 1991). To test
whether the effects on L-form proliferation were specific for
BCFAs, we examined the requirement for genes involved in
various other aspects of membrane biogenesis. As shown in
Table 1, genes involved in a range of nonessential pathways
required for synthesis or modification of membrane lipids could
all be deleted without a detectable effect on L-form proliferation.
Although BCFA’s are essential for B. subtilis growth (Kaneda,
1991), the lpdV mutation was nonlethal, in accordance with
a previous report (Debarbouille et al., 1999). Presumably, lipoa-
mide can be recycled by a paralogous protein from one of the
related pyruvate or acetoin dehydrogenase complexes (Debar-
bouille et al., 1999). If the mutant phenotype was due to a
reduced level of BCFAs, a similar phenotype should arise from
disruption of the entire BCKAD complex (encoded by lpdV and
the downstream genes bkdAA, bkdAB, and bkdB; Figure S1B).
The constructed mutation (‘‘Dbkd’’) initially appeared to be
lethal, as expected if BCFAs are indeed essential. However,
transformants were readily obtained, evidently bearing sup-
pressor mutations that restored growth (Figure S1C). A sup-
pressed mutant (hereafter simply Dbkdsup) behaved similarly to
the original lpdV insertional mutant (UlpdV), in growing in the
rod state (Figures S1C–S1E) but failing to grow as an L-form
(Figures 1B–1D). Illumina genome sequencing revealed a
single base difference from the parental strain PDC134, in the
nonessential glycolytic pykA gene encoding pyruvate kinase
(Figure S1F). Addition of an ectopic copy of the wild-type pykA
gene restored the sublethality of the bkd deletion (Figures S1G
and S1H). Pyruvate dehydrogenase (PDH) is known to have
some enzymatic activity with branched-chain a-keto acids
(Oku and Kaneda, 1988) and it therefore has the capacity, in
principle, to substitute for the related BKD complex (Zhu et al.,
2005).We assume that the pykAmutation reduces the availability
of pyruvate—the natural substrate for PDH—which then favors
the utilization of branched-chain a-keto acids by PDH to
generate BCFA precursors.
BKD Mutants Have Reduced anteiso-BCFAs
Previous work showed that growth of mutants defective in BCFA
precursor synthesis can be rescued by addition of exogenous
Figure 1. Crucial Role for Branched-Chain Fatty Acids in L-form
Proliferation
(A) Schematic representation of the BCFA precursor synthesis pathway and
the BCFA types formed from each precursor.
(B) TheDbkdsup B. subtilis strain RM31 was streaked on NA/MSM agar without
xylose to select for L-form growth in the presence of all three BCFA precursors
(all); none (NO); or each of the three single precursors, as labeled.
(C) Growth profiles of the B. subtilis L-form strains PDC134 (line) and
RM31 with (dashed line) or without (dotted line) BCFA precursors. The
L-form cell strains were grow on NB/MSM with BCFA precursors and
diluted in mid-exponential phase into NB/MSM with or without BCFA
precursors.precursors (Singh et al., 2008; Willecke and Pardee, 1971; Zhu
et al., 2005). This turned out to be the case, also, for L-form
growth of the UlpdV and Dbkdsup mutants (Figure 1B). Thus,
a mixture of all three precursors almost completely restored
L-form growth (Figures 1B–1D). Interestingly, not all of the singly
added precursors complemented equivalently: MB, which
generates anteiso-forms of BCFA, gave almost complete resto-
ration of L-form growth. IB and IV, which generate iso-forms of
BCFA, differed in their activity: IB complemented partially but
IV had no effect (Figures 1B and 1D).
Gas chromatography (GC) and mass-spectrometry (MS) were
used to analyze the membrane fatty acid content of the Dbkdsup
mutant in the walled state (Figure 1E; Table S1). This analysis
revealed that there was only a small reduction in the total content
of BCFAs, from 56% ± 3% to 44% ± 5%, compared with wild-
type membranes (Table S1). However, the fatty acid profiles of
wild-type and mutant were substantially changed, consistent
with previous findings for suppressed BCFA mutants (Singh
et al., 2008; Zhu et al., 2005; Figure 1E): in the wild-type back-
ground, the 15 and 17 carbon anteiso-forms of BCFA were
preponderant (25% ± 1%and 10% ± 4%, respectively), whereas
in theDbkdsup strain, these values fell substantially (to 12% ± 1%
and 2% ± 0.7%, respectively). Also, the relative amount of the
iso-forms of BCFA increased (Figure 1E), so that the overall ratio
of anteiso- to iso- BCFAs decreased by a factor of > 2 in theDbkd
strain (Table S1). The large proportionate increase in the iso-
forms of BCFA (mainly iso-C16:0) is probably due to the higher
affinity of the PDH for a-ketoisovalerate, which leads to iso
C16:0 (Oku and Kaneda, 1988).
Taken together with the above observation that BCFA precur-
sors rescue the growth of the mutant L-form, it seems that the
loss of L-form viability is due to the modified BCFA content,
especially the reduction in anteiso-BCFAs.
BKD Mutants Have Reduced Membrane Fluidity
During temperature stress, the biophysical properties of cellular
membranes are altered by modification of their fluidity (Suutari
and Laakso, 1994). To maintain an acceptable level of fluidity,
bacteria alter their fatty acid composition to modify the lipid
phase transition temperature by incorporation of lower melting
point fatty acids, such as unsaturated, short chain and branched
chain fatty acids (Suutari and Laakso, 1994). In Gram-positive
bacteria, two major pathways contribute to this adjustment: (1)
modification of the ratio of saturated to unsaturated fatty acids
(Aguilar et al., 1998, 1999), and (2) modification of the ratio of
iso- and anteiso-BCFAs (Klein et al., 1999). The large decrease
in anteiso-BCFAs seen in the Dbkdsup mutant suggested that
these cells would be defective in maintenance of membrane
fluidity (Figure 1E). To test this hypothesis, we compared the(D) Growth profiles of the Dbkdsup L-form strain RM31 in NB/MSM containing
BCFA precursors: sky-blue, no addition; green, isobutyl (IB); blue, isovalerate
(IV); yellow, 2-methylbutyrate (MB); red, IB/IV/MB.
(E) Membrane BCFA composition (in percentage w/w of total fatty acids)
of strains PDC134 (black) and its Dbkdsup derivative RM31 (grey) grown in
the walled state in LB at 30C. The values are mean of two independent
experiments ±SD.
See also Figure S1 and Table S1
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Figure 2. Dbkdsup Mutants Have Alterations in Membrane Fluidity
(A–C) B. subtilis strains PDC134 and its Dbkdsup derivative RM31 were
streaked on NA plates containing xylose and incubated at 22C for 72 hr (A), or
at 30C (B) or 37C (C) for 24 hr.
(D and E) Measurement of membrane fluidity levels using a fluorescence assay
based on Laurdan dye. (D) Strain PDC134 and its Dbkdsup derivative RM31
were grown in the walled state in LB until midexponential phase. (E) Strain
PDC134 was grown in the L-form state (NB/MSM) and RM31 was grown in the
L-form state in the presence of BCFA precursors. RM31 cells were then
washed and recultured in the absence of BCFA precursors (0 hr). The
membrane fluidity levels over time were measured.growth of wild-type and Dbkdsup strains at different tempera-
tures (in the rod state). As shown in Figure 2, the strains grew
more or less equally at 37C (C) or 30C (B), but at 22C (A),
growth of the Dbkdsup strain was greatly impaired compared to
the wild-type. This result supported the idea that the Dbkdsup
strain is impaired in the production of BCFAs capable of
increasing membrane fluidity.
Tomeasuremembrane fluidity directly we used a fluorescence
assay based on Laurdan Dye (6-Dodecanoyl-2–dimethylamino-
naphthalene) (Parasassi et al., 1990). The membrane fluidity
value (Laurdan generalized polarization; GP) ranges from 1
to +1 and lower values correspond to greater membrane fluidity.
At 30C, growing in the walled state, membranes of Dbkdsup
cells were less fluid (0.04 higher GP value) than those of the
wild-type (Figure 2D). To calibrate the magnitude of this change
in Laurdan GP value and confirm that these differences are
physiologically relevant, we measured the change in Laurdan
GP relative to temperature in samples of wild-type and mutant
cells grown under different conditions. From these measure-
ments we derived an average temperature coefficient (a; see
Experimental Procedures) of 0.0020 ± 0.0010 K-1. Therefore,
under these conditions a 0.01 increase in Laurdan GP value is
roughly equivalent to the effects on cells of a 5C reduction in
temperature.420 Cell Reports 1, 417–423, May 31, 2012 ª2012 The AuthorsWe then grewDbkdsup cells in the L-form state in the presence
of BCFA precursors, before washing the cells and further
culturing in the absence of precursors (Figure 2E). The level of
membrane fluidity remained constant for about 4 hr, presumably
because existing BCFAs needed to be diluted out by de novo
synthesis of non-BCFAs. Then, between 6 and 24 hr of depletion,
the Laurdan GP value increased substantially, indicating a
decrease in membrane fluidity. These results show that the
Dbkdsup strain has decreased membrane fluidity and fails to
adapt membrane fluidity during growth at low temperature,
even in the presence of iso-form of BCFAs. This suggests that
the precise biophysical properties of the membrane have a
crucial role in the proliferation of L-forms.
Proliferation of BCFAmutants Is Blocked at aMembrane
Scission Step
To characterize the phenotypic consequences of the reduced
membrane fluidity on proliferation of L-forms, we followed the
effects of depletion of BCFA precursors on cell morphology by
time-lapse microscopy. We grew the Dbkdsup mutant strain in
the L-form state (presence of BCFA precursors) and in early
exponential phase, we washed out (Figures 3C, 3D, 3G, and
3H) or not (Figures 3A, 3B, 3E, and 3F) the BCFA precursors.
After 8 hr of growth, the depleted cells showed an appreciable
increase in diameter, with a mean size of 2.35 ± 0.6 mm (Figures
3C and 3D), compared to the cells grown with BCFA precursors,
which had amean size of 1.54 ± 0.6 mm (Figures 3A and 3B). This
phenotypewas further accentuated after 16 hr, bywhich time the
mean size of themutant cells had reached 2.80 ± 0.7 mm (Figures
3E and 3F; compare with the treated cells, Figures 3G and 3H),
consistent with an inhibition of cell division but not growth.
To gain further information on the BCFA defect, we used time-
lapse microscopy to follow L-form growth and division in the
complete absence of BCFA precursors. We grew the Dbkdsup
mutant and its immediate bkd+ parent in the presence of xylose
but no BCFA precursors, under which condition both strains
grew well in the rod state. As shown in Figure 3I and Movie S1,
the Dbkdsup mutant appeared unaffected in the initial L-form
generation, after xylose depletion. We then followed the L-form
proliferation, cell growth and progeny formation. Previous work
showed that L-form proliferation occurs via an unusual two
step process (Kandler and Kandler, 1954; Leaver et al., 2009):
first, the almost spherical parent cell takes on an irregular flaccid
appearance with bulges or longer protrusions. These then
undergo a form of membrane scission, pinching off to produce
two or sometimes multiple progeny cells (Movie S3). As shown
in Figure 3J and Movie S2, the Dbkdsup mutant is not affected
in the first step, and cells frequently took on the flaccid appear-
ance, adopting a variety of shapes and sometimes even pinching
down to a narrow connecting tube of membrane (arrows).
However, they completely failed to undergo membrane scission
and progeny formation (Movie S2). Similar observations were
made in BCFA precursor depletion experiments such as those
described above (Movies S4 and S5).
Conclusions
Our results show that L-form reproduction does not depend on
the well-characterized cytoskeletal systems that are pivotal for
Figure 3. Dbkdsup L-Forms Are Specifically
Affected in the Separation of L-Form Progeny Cells
(A–H) Phase contrast images (A, C, E, G) and cell size
analysis (B, D, F, H) (n = 1000) of L-forms of the Dbkdsup
strain RM31 after washout of BCFA precursors. Cells were
grown in NB/MSM containing BCFA precursors and
washed in the same medium with (A, B, E, F) or without (C,
D, G, H) BCFA precursors. Samples were analyzed after
8 hr (A–D) and 16 hr (E–H).
(I and J) The switch from rods to L-forms and subsequent
L-form growth were observed by time-lapse phase
contrast microscopy. Cells were grown in NB with xylose
and then switched to NB/MSM to induce the L-form
transition before imaging. (I) Early stages of the transition
from rods to L-forms (80–130 min after the switch). (J)
Later stages of growth after the switch to L-form. Elapsed
time (min) is shown in each panel. Arrows point to a
pronounced narrowing of the cell between 40 and 50 min.
Scale bar, 3 mm. See also Movies S1, S2, S3, S4, and S5.
Cell Reports 1, 417–423, May 31, 2012 ª2012 The Authors 421
cell shape, elongation, and division of walled cells, but that it
does depend on having membranes of particular composition.
These findings accord with previous demonstrations of
membrane vesicle proliferation in vitro, using relatively simple
lipid and fatty acid components (Hanczyc et al., 2003; Peterlin
et al., 2009; Zhu and Szostak, 2009). The ‘‘progeny’’ generated
in vitro, either by tubulation and fragmentation or blebbing, are
remarkably reminiscent of those formed during L-form prolifera-
tion (Movie S5; Leaver et al., 2009). These experiments, together
with theoretical considerations of the conditions needed for
vesicle self replication (Bozic and Svetina, 2007; Luisi et al.,
2008), have mainly focused on the role of imbalance between
membrane surface area and vesicle volume. Our results now
highlight the likely importance of membrane composition, espe-
cially for the final steps of vesicle scission. Finally, the finding of
an extant biological system that proliferates by what appears to
be a simple form of vesicle fission provides strong support for the
notion that similar mechanisms were used by primordial cells,
before the invention of the cell wall.
EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, and Growth Conditions
The bacterial strains and plasmid constructs used are shown in Table S2. DNA
manipulations and E. coli DH5 transformation were carried out using standard
methods (Sambrook et al., 1989). Transformation of competentB. subtilis cells
was performed by the two-step starvation procedure as previously described
(Anagnostopoulos and Spizizen, 1961; Hamoen et al., 2002). E. coli and normal
B. subtiliscellsweregrownonnutrient agar (NA,Oxoid) and inLuria-Bertani (LB)
broth. B. subtilis L-forms were grown in osmoprotective medium composed of
23 MSM media (40 mM MgCl2, 1 M sucrose and 40 mM maleic acid [pH 7])
mixed 1:1 with 23 nutrient broth (NB, Oxoid) or 2 3 NA in the presence of
penicillin G. Various supplements, including 0.5% xylose, 0.1% glucose, and
0.1mM (each) ofBCFAprecursors (isobutyric acid, isovaleric acid, 2-methylbu-
tyric acid), were added as needed. When necessary antibiotics were added to
media at the following concentrations: penicillin G, 200 mg/ml; ampicillin,
100 mg/ml; chloramphenicol, 5 mg/ml; kanamycin, 5 mg/ml; spectinomycin,
50 mg/ml; erythromycin, 0.75 mg/ml; and tetracycline, 10 mg/ml.
Transposon Mutagenesis
Random transposon mutagenesis was performed using the mariner-based
transposon tnYLB-1 as described previously (Le Breton et al., 2006). Plasmid
pMarB was introduced into strain PDC134 at 30C by erythromycin selection.
Individual colonies were picked, grown in LBmediumwith 0.5%xylose at 37C
for 8 hr and plated on NA/xylose in the presence of kanamycin at 42C to
induce transposition events. Individual colonies were picked on to NA/xylose
and NB/MSM and incubated at 30C for 2–3 days. Colonies growing only on
NA/xylose were identified and backcrossed into strain PDC134 by transforma-
tion and selection for the tranposon was kanamycin. The transposon locations
were identified by inverse PCR and sequencing.
Measurement of the L-Form Transition Frequency
The L-form transition frequency was estimated as the ratio of the number of
colony forming units (CFU) per milliliter on NA/MSM plates for L-form cells
and on NA + xylose plates for walled cells. Briefly, B. subtilis strains were
grown in LB/xylose medium at 37C. At OD 600 nm 0.4, cells were washed
and suspended in NB/MSM. Serial dilutions were plated onto NA/xylose (to
measure walled cell CFU) and NA/MSM (to mesure L-form cell CFU) plates
and incubated at 30C.
Genome Sequencing and SNPs Identification
Whole genome sequencing was performed with the illumina HiSeq 2000
System (GATC-Biotech, Germany). Sequencing samples were prepared as422 Cell Reports 1, 417–423, May 31, 2012 ª2012 The Authorsdescribed in Domı´nguez-Cuevas et al. (2012). Sequence reads were aligned
with SeqMan Ngen (DNASTAR, USA) software using as reference NCBI
B. subtilis 168 genome (GenBank: AL009126.3). SNPs and nucleotides dele-
tion/insertion were analyzed with SeqMan Pro (DNASTAR, USA) software.
Fatty Acid Analysis
To determine the fatty acid composition, cells were grown at 30C in LB/
xylose. Cells were harvested in exponential phase (OD600 0.5) and total cellular
fatty acids were extracted with chloroform-methanol (ratio 2:1, v/v) based on
the method of Moilanen and Nikkari (1981). The fatty acid methyl esters
were prepared by an acid-catalyzed methylation/transesterification using
1% sulfuric acid in methanol and then analyzed by GC and GC-MS. GC was
carried out with a Agilent 6890 Gas Chromatograph with Split Injection
and FID detector (Agilent Technologies) with a GC column Cp-wax 52CB
(25 m3 0.25 mm internal diameter [i.d.]3 0.2 *m Df; Part No. CP7713, Varian,
UK). Hydrogen at 40 ml/min was used as the carrier gas, and column temper-
ature was programmed to rise by 4C/min from 170C to 220C. GC-MS was
carried out with a Agilent 7890 Gas Chromatograph with Split Injection
and MS detector (Agilent Technologies) with a GC column Supelcowax 10
(30 m 3 0.25 mm i.d. 3 0.25 mm Df;Part No. Supelco 24079, Supelco, UK).
Helium was used as the carrier gas with 20.196 psi constant column pressure
and temperature programmed to rise by 4C/min from 170C to 220C. This
analysis was performed at Mylnefield Lipid Analysis (Dundee, Scotland, UK).
Analysis of Membrane Fluidity
To measure membrane fluidity, B. subtilis cultures were grown in LB/xylose
with 0.1% glucose as walled cells or in NB/MSM as L-form cells, at 30C. At
OD600 0.3, 10 mM Laurdan dye (6-dodecanoyl-2–dimethylaminonaphthalene)
was added and incubated for 10 min at 30C. The cells were washed twice
at 30C in 20 mM sodium phosphate buffer (pH 7), containing 170 mM NaCl
and 0.1% glucose for walled cells, or containing 170 mM NaCl, 0.1% glucose
and mixed 1:1 with MSM for L-forms. The fluorescence was measured using
a Tecan microplate reader Infinite M200 PRO (Tecan Group Ltd), warmed at
30C, with the 350 nm excitation wavelength, and 435 and 490 nm emission
wavelengths. Background fluorescence was in buffer supernatant after centri-
fuging out the cells. After background subtraction, the Laurdan GP value was
measured using the formula GP = (I435nmI490nm)/(I435nm+I490nm) (Parasassi
et al., 1990). To measure a linear temperature coefficient (a), corresponding
to the rate of change of Laurdan GP with respect to temperature, B. subtilis
cultures were grown in LB/xylose with 0.1% glucose as walled cells, at 30C
or 37C. After incubation with the Laurdan dye, the cells were washed twice
in a buffer warmed, at several temperatures (from 23C to 42C). The Laurdan
GP value was quickly measured, as described above. For each set of
measurements the change in Laurdan GP value per degree C change in
temperature was calculated, providing an average value for a (K-1). The value
of a (0.0020 ± 0.0010; SEM) did not appear to be affected significantly across
the range of cell samples or temperature values examined.
Microscopy and Image Analysis
For time-lapse microscopy, B. subtilis rods and L-form cells were imaged in
ibiTreat adherent, 35 mm sterile glass bottom microwell dishes (ibidi GmbH,
Munich, Germany. Briefly, an 0.1 ml sample of exponential phase B. subtilis
culture was added to 0.5 ml of fresh NB/MSM and incubated in the microwell
dish for 15 min. The cells were washed three times with NB/MSM and 0.5 ml of
fresh NB/MSM was finally added. The cells were imaged on a DeltaVision RT
microscope (Applied Precision, Washington, USA) controlled by softWoRx
(Applied Precision) with a Zeiss 3 63 plan apochromat oil immersion lens
(1.4 NA) or a Zeiss3 100 apo fluor. oil immersion lens. A Weather Station envi-
ronmental chamber (Precision Control) regulated the temperature of the stage.
For snap-shot microscopy, B. subtilis L-form cells were also imaged in ibi-
Treat microwell dishes. Briefly, 0.3 ml of B. subtilis culture was added to the
microwell dish and centrifuged at 300 rpm for 5 min. The cells were imaged
on a Nikon Ellipse Ti-e equipped with a QImaging Rolera em-c2 camera and
a Nikon X100 plan fluor oil immersion lens, controlled byMetaMorph Software.
Pictures and movies were prepared for publication using ImageJ (http://rsb.
info.nih.gov/ij) and Adobe Photoshop.
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